1998). Initially descriptors are needed that highlight esEach of these properties appear to be more significant sential features of the basic molecular recognition rules than the nature of the glycosidic bond and sequence for modified base pairs in duplex DNA. The language context. The results provide guidelines for constructthat is most appropriate to describe these features is ing stable Watson-Crick like nucleobase pairs with not known a priori. Clearly, the terms used to relate unnatural nucleobases. The experiments also demonnoncanonical nucleobase components to duplex stabilstrate that expanded genetic systems can be conity must be increased beyond those used to describe structed using size complementary nucleobase pairs standard RNA and DNA. It is not clear, however, whether that contain three hydrogen bonds.
⌬GЊ T(NN) is the free energy for the nearest neighbor interpairs, we identified characteristics that are important action in the duplex that is lost when the nucleobase for nucleobase pair stability and propose a set of terms pair of interest is inserted into the duplex (Kierzek et al., that have predictive value for the design of noncanonical 1999). ⌬GЊ T(duplex w/o pair) and ⌬GЊ T(NN) remain constant for genetic systems. The basic molecular recognition rules duplexes that are identical except for the nucleobase described here provide the groundwork for later deterpair at a single variable position. Therefore, the differmination of more detailed molecular recognition models ences in the free energies of nucleobase pair formation similar to those that exist for DNA and RNA.
can be related to the free energies of DNA duplex formation using Equations 2a-2c: Results To make feasible the examination of the many nucleosupports the expedient, widely used in the field, of using T m values to rank the relative stabilities of nucleobase base pairs (matches and mismatches) possible using the nucleobases in Figure 2 (see partial list of these in pairs, especially when large numbers of data are available, and when general trends are desired. Abbreviations correspond to the nucleobases in Figure 2 . The first nucleobase is N 1 and the second nucleobase is N 2 as shown in the DNA duplex in Figure 2 . The T m values for the nucleobase pairs mentioned in the text were measured at pH 7.9 except for those pairs marked with an asterisk, which were measured at pH 5.4. T-K pair is due to its three H-bonds, we again turned 
⌬GЊ

, 1990). When destabilizing groups are present at the H-bonding interTesting Structural Hypotheses
face of an in-line (anti-anti) conformation, pu-pu pairs If anti-anti pu-pu pair destabilization is caused by the will adopt an anti-syn conformation if two H-bonds can negative charge on X, then we expect to restore duplex be formed and if the destabilizing functionality (anion stability by replacing X with dX, which has a higher pK a or uncompensated amine) can be shifted into the major (Seela et al., 1985) . Consistent with this expectation, the groove. If a nucleobase pair can form either an anti-anti T m s of dX-A and dX-dA are higher than the correspondor an anti-syn pair joined by two H-bonds, as is the case ing nucleobase pairs X-A and X-dA at pH 7.9 (⌬T m s of for X-A and G-A pairs, but has destabilizing functionality 3.2 Ϯ 1.2ЊC and 2.6 Ϯ 1.3ЊC, respectively). Similarly, the at the H-bonding interface of both the anti-anti and anti-T m s of P-X and X-P are increased at pH 7.9 when X is syn conformations (anion or uncompensated amine), replaced by dX (⌬T m s of 5.0 Ϯ 1.5ЊC and 2.9 Ϯ 1.6ЊC, then the anti-anti conformation will be adopted. respectively).
Duplexes incorporating purine-purine pairs involving X are also stabilized by reduction of pH, consistent with Discussion the hypothesis that the negative charge on X destabilizes the duplex. At pH 5.4, where X is expected to be Exploiting the power of modern synthetic organic chemistry to prepare artificial genetic systems requires guidelargely protonated, the T m s for A-X, X-A, X-dA, X-D, P-X, and X-P are higher (⌬T m s of 4.5 Ϯ 1.3ЊC, 5.1 Ϯ 1.1ЊC, lines describing how structural features of possible novel nucleobases might influence duplex stability. As 4.4 Ϯ 1.5ЊC, 2.4 Ϯ 1.4ЊC, 5.2 Ϯ 1.4ЊC, and 1.8 Ϯ 1.2ЊC, respectively). Interestingly, the T m s for X-G, iG-X, and noted in the introduction, we are seeking to understand the principal discriminants of stability, while recognizing X-iG do not substantially change when the pH is lowered (⌬T m s of 0.3 Ϯ 1.1ЊC, 1.0 Ϯ 1.3ЊC, and 0.8 Ϯ 1.7ЊC , that the details of duplex stability will vary with sequence context and other subtle features of the structural envirespectively). The lack of T m increase at pH 5.4 can be explained by the ability of G-X and iG-X pairs to adopt ronment, as it does with standard nucleobases. The most noteworthy result here is the degree to a two H-bond anti-syn conformation at pH 7.9. In the syn conformation, the anion is shifted into the major which simple descriptions of nucleobase structure serve as predictive tools for the range of synthetic nucleogroove, where it may be more easily solvated ( Figure  7) . A-X and D-X pairs on the other hand, cannot adopt bases examined. H-bonding, nucleobase charge, and the presence of uncompensated amino groups have an anti-syn conformation at pH 7.9 that shifts the anion into the major groove.
impacts that appear to be consistently large, whether in simple in-line Watson Crick conformations, in wobble Shifting destabilizing functionalities into the major groove of anti-syn pairs can also be used to solvate size complementary conformations, in py-py pairs, and in pu-pu pairs, whether in the anti-anti or the anti-syn uncompensated amines. For example, G-A and D-H pairs, in the anti-anti conformation, have an uncompenconformation. These appear to be more significant than sequence context and uncompensated carbonyl groups, sated amine at the minor groove. D-H and H-D pairs however, have higher T m s than the corresponding G-A and other unnatural structural features, such as a carbon-carbon glycosidic bond. Within the range of strucand A-G pairs (⌬T m s of 2.6 Ϯ 1.6ЊC and 1.8 Ϯ 2.3ЊC, respectively). A difference between these two pu-pu tural and sequence variation examined here, still higher order concepts and their associated language (such as pairs is that D-H pairs can adopt a syn-anti conformation electrostatic charge distribution) do not appear to be H-bonds. However, iG may also adopt the N3-H tautomer, which can form an anti-anti in-line three H-bond necessary to make basic structural and stability predictions. pair with G. Because these anti-anti and anti-syn conformations of iG-G are each predicted to be very stable, Within a structural category, it also appears that nucleobase pairs that have similar T m s also adopt similar we cannot use T m s to determine which iG tautomer is present in iG-G and G-iG pairs. In summary, there is conformations. The clustering of T m according to conformation strongly implies that relative stability and nucleono unambiguous evidence of atypical stability due to tautomerism in any of the nucleobase pairs examined. base pair conformation are primarily determined by hydrogen bonding functionality for pu-py and py-py pairs.
Previous studies on nucleobase pair thermodynamics in natural DNA support our observations of predictable While context is undoubtedly important, it appears that sequence dependence in our duplexes is a lesser relative stabilities and conformations for pu-py and py-py pairs. SantaLucia and coworkers have obtained contributor to nucleobase pair stability compared to conformation of pu-py and py-py pairs. ⌬GЊ T(pair) in Equanearest neighbor thermodynamic parameters for all natural nucleobase pairs ( The stability of complementary nucleobase pairs rela-merase studies, however, is that different polymerases interact with unnatural nucleobases differently (Horlacher et al., 1995), even within an evolutionary class. Therefore, it is likely that polymerase behavior reflects more the idiosyncrasies of evolutionary history than underlying features of duplex stability.
Experimental Procedures
Oligonucleotides ( pu-pu mismatches possible with standard nucleobases are less stable than complementary pu-py pairs.
